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Abstract

Cold atmospheric pressure plasma jets (CAPPJ) have received increased attention over the past
decades due to their large variety of applications, including material processing [1], sterilization
[2], and new biomedical treatment [3]. An example of a CAPPJ is a helium-based plasma jet that
generates guided streamers in its helium rich jet effluent extending into open air environment.
In many of these applications the plasma jet impinges on a surface, where the plasma-induced
chemistry is critical and highly dependent on the air concentration.

In this research the morphology of a CAPPJ under conditions suitable for biomedical applica-
tions impinging on a glass substrate is experimentally investigated. Gas temperature measurements
have been performed by optical emission spectroscopy including rotational spectra of OH(A-X)
and N2(C-B) and resonance broadening of the helium emission line He I 667.8 nm, showing that
the increase in gas temperature is small.

Propagation characteristics of the ionization front of the jet in an open air and in an con-
trolled helium-air environment, and of a pin electrode in a controlled helium-air environment are
investigated. In all situations similar trends are observed. With increasing applied voltage the
radius of the diffuse part of the ionization front increases. This coincides with an increase of
the propagation velocity which is due to the increase of space charge and electric field strength.
Also the tendency to form streamers reduces with increasing E/N for the same air concentration.
With a decreasing flow rate and thus and increasing air concentration the diffuse ionization front
radius becomes smaller due to a reduction of the effective Townsend coefficient for a given E/N
leading to a larger ∂(αeff/N)/∂(E/N). This could be a potential reason why it is more difficult
to sustain a diffuse ionization front for these conditions.

In the pin-chamber configuration discharges show filaments for air concentrations exceeding
18% air. An equivalent for the Meek criterion is calculated by means of estimated electric field
values, for which in all cases (diffuse or filamentary discharges) the criterion is satisfied and
that the ionization is sufficient to have space charge effects that can lead to streamer formation.
The reason that diffuse discharges are observed for air concentrations lower than 18%, is due
to pre-ionization and electron diffusion in the direction perpendicular to the electric field as
avalanches tend to overlap, inhibiting streamer formation.
In the configuration of the jet in a chamber the transition to streamers occurs for lower air
concentrations (> 1% air) as the diffusion effects on a surface are much smaller compared to
diffusion in the gas phase. For the jet in the ambient air, the air concentration is higher and the
effect of diffusion reduces leading to faster transition to streamers.

Furthermore flow effects of a nanosecond pulsed CAPPJ impinging on a glass substrate are
investigated. The air concentration distribution in the jet effluent is measured by means of
Rayleigh scattering exploiting the large difference in Rayleigh cross sections between air and
helium. The obtained results show that the plasma causes a broadening of the helium channel
suggesting enhanced gas velocity and mixing with the ambient air. The impact of the plasma on
the air mixing in the jet effluent is larger in the case of positive polarity.
Using an estimation of the increased gas velocity required to obtain the observed air concentrations,
it is shown that both gas heating and electrohydrodynamic (EHD) forces related to the propagation
of an ionization front are not causing the observed phenomena. The surface charge on the glass



substrate which can exist for a much longer time than the applied voltage pulse is considered the
primary cause of the EHD forces on the bulk charges and can also explain the observed polarity
dependence.
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Chapter 1

Introduction

1.1 Introduction

From a scientific point of view, all matter known in the universe can be categorized in four states:
solid, liquid, gaseous and plasma. The basic distinction between solids, liquids and gases is based
upon the strength of the bonds that hold their constituent particles together. These forces are
the strongest within solids whereas they are almost absent in gases. The state of a substance is
determined by the equilibrium between the interparticle binding forces and the thermal energy of
its atoms or molecules. By increasing the temperature of a solid or liquid, the atoms or molecules
can overcome the binding potential energy leading to phase transitions. In the case of a gas,
if sufficient energy is provided, the molecular gas will gradually dissociate into an atomic gas.
This is a result of collisions between those particles whose thermal kinetic energy exceeds the
molecular binding energy. When the temperature is even more elevated, an increasing fraction
of the atoms will posses enough kinetic energy to overcome by means of collisions, the binding
energy of the outermost orbital electrons. As a result, the gas becomes (partly) ionized which is
also called a plasma [4]. Although only a few natural plasmas such as flames or lightning strokes,
can be found near the Earth’s surface, plasmas are the most abundant of the four and more than
99% of all known matter in the universe is in the plasma state [5].

Most plasmas are hot and highly ionized gases, and a few are used in for example fusion reactors
[6–8] and plasma arc welding and cutting [9, 10]. However cold plasmas can also be generated.
In this case the energy required to overcome the electron binding energy is provided by a high
electric potential. Due to their low temperature they are suitable for heat sensitive surfaces
and their applications rely on the plasma induced chemistry rather than the temperature. This
makes these low temperature plasmas extremely interesting for processes in the food industry
[11], surface modification [12], material processing [1, 13–15], and in particular for biomedical
applications such as sterilization [2, 16–19], blood coagulation [17, 20, 21], dental treatments
[22, 23], wound healing [2, 3] and treatment of mammalian and cancerous cells [24, 25].

1.2 Motivation

Typically, cold atmospheric pressure plasma jets (CAPPJ’s) operate in a helium or argon gas
where the effluent of the jet extends into open air environment and in many of these applications
the plasma jet impinges on a surface. Depending on the surface properties the plasma jet is
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CHAPTER 1. INTRODUCTION 2

influenced in different ways, which needs to be understood for optimum treatment. Therefore, in
this work the focus will be on a CAPPJ impinging on a glass substrate suitable for biomedical
treatment. The use of a dielectric enables the generation of surface ionization waves. Different
morphologies of the plasma on a dielectric surface have been observed such as diffuse, filamen-
tary, and even self-organized patterns, but there is limited understanding of the underpinning
mechanisms [26].

The aim of this research is to experimentally investigate the morphology of a CAPPJ under
conditions suitable for biomedical applications impinging on a glass substrate where the effect of
the plasma on the gas flow is considered as well.

1.3 Outline

The outline of the report is as follows:

Chapter 1 gives a short introduction with the motivation of this research.

Chapter 2 explains the theoretical background of the generation of non-thermal atmospheric
pressure plasma jets, in particular the breakdown mechanism of a plasma and the formation of
streamers.

Chapter 3 elaborates on the experimental methods used including the different setups and
techniques used to determine the gas temperature and flow visualization.

Chapter 4 is dedicated to the characteristics of the plasma jet, such as the emission profile, the
plasma energy and temperature and the propagation of the ionization wave on the glass substrate.

Chapter 5 is used to explain to investigate the filamentation in a controlled helium-air environ-
ment, by means of a simplified setup of a pin electrode in a metal chamber and compared to a
plasma jet impinging on a glass substrate also in a chamber.

Chapter 6 is devoted to the effect of the plasma on the gas flow where the air density profiles
are captured using Rayleigh scattering measurements.

Chapter 7 gives the overall conclusion.

Chapter 8 provides the outlook.



Chapter 2

Non-thermal atmospheric
pressure plasma jets

In this work a plasma jet suitable for biomedical treatment is investigated. The nanosecond
pulsed helium plasma jet is able to treat heat sensitive surfaces and operate in the ambient. The
properties to satisfy the required operating conditions are room temperature and atmospheric
pressure which classify the plasma jet to the non-thermal atmospheric pressure discharges.
The non-thermal character of the plasma jet is due to the fact that the translational energy of
the electrons is much larger that the translational energy of the heavy particles because of the
large difference in mass. As a result the electron temperature (Te) is much higher compared to
the gas temperature (Tgas) and also the different degrees of freedom such as translation, rotation,
vibration, and electronic excitation, can be out of equilibrium, where the order is as follows:
Ttrans ≤ Trot ≤ Tvib ≤ Tex ≤ Te.

This chapter will explain the breakdown mechanism to generate a non-thermal atmospheric
pressure discharge and elaborate on the formation of streamer as well as the relevant ionization
processes in a gas.

2.1 Breakdown mechanism

Ionizing a gas to generate a non-thermal plasma can be achieved by applying an electric potential.
In case of a gas between two electrodes the voltage necessary to ignite a plasma depends on the
product of the pressure (p) times the electrode gap distance (d) and is described by Paschen’s
law V = pd [27]. Paschen curves have a similar shape for different gases and a few of them are
presented in figure 2.1.
For lower pd values the breakdown voltage increases due to the reduced ionization and increased
loss of electrons that occurs because the electron mean free path becomes comparable to the gap
between the electrodes. The increase in breakdown voltage at large pd values is a result of the
decrease in energy that the electrons gain in between collisions due to the increasing number of
collisions.
However at atmospheric pressure breakdown often occurs on a nanosecond time scale and due to
their large inertia ions remain static. As a result secondary electron emission due to ion impact
cannot occur on that time scale leading to inconsistency with the Paschen breakdown mechanism.
In these cases, the inception of non-equilibrium plasmas is based on the development of electron
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CHAPTER 2. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA JETS 4

Figure 2.1: Paschen curves obtained for Helium, Neon, Argon, Hydrogen and Nitrogen, with data
taken from [28].

avalanches and streamers. Free electrons present in the medium, provided by radioactivity,
cosmic rays, or leftover charges from previous discharge activity, are accelerated and collide with
other atoms and molecules which can be ionized and create new electrons if the kinetic energy
is sufficient to overcome the electron binding energy. The ionization in avalanches is usually
described by the Townsend coefficient α, indicating the production of electrons per unit length
along the electric field. The reduction of breakdown electric field in electronegative gases, such as
in air, is limited by electron attachment processes and characterized by the Townsend coefficient
β, describing the electron losses due to attachment per unit length. The ionization rate exceeds
the attachment at high electric fields and the electron number can be expressed as follows:

n(x) = n0 exp(αeffx), (2.1)

where the effective Townsend coefficient αeff = (α− β) equals ionization minus attachment.

While the Townsend-criterion (or Paschen law) provides the inception voltage for the Townsend
mechanism, the Meek criterion describes the conditions for streamer initiation which will be
discussed in the next section.

2.2 Streamer formation

The concept of streamers was formulated by Loeb, Meek and Raether [29] and is based on the
concept that electron avalanches create a space charge that locally enhances the electric field. The
intensive primary avalanche triggers secondary electron avalanches in the vicinity of the primary
one which are mostly initiated by photo-ionization or by electron detachment from negative ions
(discussed in section 2.4). The ionized region and its perturbation of the electric field grows



CHAPTER 2. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA JETS 5

rapidly and a distinct plasma channel, the streamer, is formed. The considerable change occurs
when the charge amplification in the avalanche becomes large and the created space charge leads
to an electric field ( ~Ea) comparable to the external electric field ( ~E0) which should be added

together for the total electric field ( ~E = ~E0 + ~Ea). The criterion of streamer formation is known
as the Meek breakdown condition and assuming an avalanche head radius of ra ≈ 1/α in air, this
yields

αd ≥ 18− 20, (2.2)

with d the gap distance.
Both positive (cathode-directed) and negative (anode-directed) streamers exist and have similar
properties. Nonetheless significant differences in their spatial structure and propagation velocity
have been observed [30–33]. The mechanism of a positive streamer, where the direction of electron
drift, is opposite to the streamer propagation direction, is illustrated in figure 2.2.

Figure 2.2: Positive (cathode-directed) streamer. (a) Streamer at two consecutive moments of
time, with secondary avalanches moving toward the positive head of the streamer. The wavy
arrows are photons that generate seed electrons for avalanches. (b) Lines of force of the field near
the streamer head [34].

The photons emitted from the primary avalanche provide photo-ionization in the vicinity, initiating
the secondary avalanche. The electrons of the secondary avalanche are pulled into the ionic trail
of the primary one producing a quasi-neutral plasma channel. The mechanism of the negative
streamer is similar but in this case the electron drift causes the growth and the ionic trail of
the secondary avalanche is neutralized by the electrons from the primary avalanche. Besides
photo-ionization, the secondary avalanche could also be generated by the electrons moving in
front of the primary avalanche. The electron drift also causes the growth of the streamer radius
which reduces the electric field enhancement and as a consequence the streamer propagation
velocities of positive streamers are greater compared to the negative streamers [30]. Furthermore
the formation of positive streamers requires lower applied voltages and are therefore easier to
generate than negative streamers [35].
Electrons around the streamer head can be highly energetic and due to the electric field en-
hancement, streamers can propagate into areas where the background electric field is below the
ionization threshold of the background gas.
The tendency to form streamers is related to the dependence of the effective reduced Townsend
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ionization coefficient on the reduced electric field ∂(αeff/N)/∂(E/N), since this determines the
increase of the ionization frequency with changes in the local electric field strength [36]. Comparing
helium to argon or most other molecular gases, helium has a relatively high ionization coefficient
at low electric field strengths and is characterized by a small gradient ∂(αeff/N)/∂(E/N). As
such, the rapid formation of electric field gradients is suppressed and it is easier to obtain a diffuse
breakdown in helium [37].
A requirement for the formation of streamers is the development of a strong local space charge
gradient which can lead to sufficient field enhancement. This can be achieved by a single or few
electrons leading well separated avalanches that do not greatly influence each other. However,
when these avalanches overlap the local gradients in the electric field of the space charges are
smoothed out, leading to a more homogeneous charge density. This can be cause by a high
diffusion coefficient such as for helium (DHe = 1.4cm2/s compared to D = 0.16cm2/s for Ar, N2

and O2 [38]). Therefore are helium discharges often more diffuse than for example argon. Another
way to inhibit streamer formation is by a larger background pre-ionization density. Typical values
required for a diffuse breakdown at atmospheric pressure are pre-ionization densities in excess of
106 cm−3, which is much higher than the background ionization density in air of the order of
103 − 104 cm−3 due to the presence of radioactive materials and cosmic radiation [39].

2.3 Guided streamers

Atmospheric pressure plasma jets seem to be continuous while they actually consist of ionization
fronts propagating with a very high velocity (106− 108 cm/s) [40], which can be observed by high
speed time resolved ICCD images. An ionization wave is formed in strong electric field regions
inside a dielectric tube and moves along the tube walls. After leaving the tube, the ionization
front propagates into a mixture of a noble gas with ambient air. Remarkably, the plasma volume
moves along a predetermined path, namely the jet axis. This is referred to as a guided streamer
[41]. Guided streamers have the property that they are confined within the gas flow channel
(usually helium or argon), because the ionization rate is much higher and it is therefore easier to
propagate within the gas flow channel as higher electric field values are required in air. This can
be seen figure 2.3 where the direct ionization rate constant Kioniz is given as a function of E/n,
for various concentrations of air in a helium environment.

2.4 Electron sources

As discussed above the electrons are crucial for the generation of a plasma as well as the formation
of streamers. This section will go over the different ionization terms providing electrons.
Free electrons can be released by means of collisions with atoms or molecules which can either
be elastic or inelastic. A perfectly elastic collision is defined as one in which there is no loss of
kinetic energy whereas an inelastic collision is one in which part of the kinetic energy is changed
to some other form of energy in the collision. The main ionization mechanism is by means of
impact ionization where the electrons are accelerated in a high electric field able to ionize the
background gas and create more electrons, according to the following reaction:

X + e− → X+ + 2e−, (2.3)

with X representing the neutral background gas molecules or atoms. However this process is
counteracted by electron attachment on electronegative gases (e.g. O2 in air) which is a similar



CHAPTER 2. NON-THERMAL ATMOSPHERIC PRESSURE PLASMA JETS 7

Figure 2.3: Ionization rate constant versus reduced electric field in various He air mixtures [42].

but opposite mechanism. Next to the bulk gas, the presence of a dielectric surface can also affect
the discharge and is able to provide electrons. Electrons can be freed from a surface by high
electric fields, secondary emission on impact of ions [43], fast neutrals, or (UV) photons [44]. The
latter is referred to as photo-ionization and in particularly important in case of positive streamers
as the propagation is opposite to the electron drift (see section 2.2). In this mechanism an excited
molecule or atom emits a photon (2.4) which consequently ionizes another molecule or atom (2.5):

X∗ → X + hν, (2.4)

X + hν → X+ + e−. (2.5)

The distance that a UV photon can travel is depending on the density of the absorbing species.
Under standard conditions in atmospheric pressure air the average distance will be around 1.3
mm [45]. This makes photo-ionization a nonlocal effect and the excited molecules in the streamer
head can create free electrons in front of the streamer as well as in other places around the
streamer head [46].

Another source of electrons which is briefly mentioned before (section 2.2), is background ionization:
ionization that is already present in the gas and not produced by the avalanche. The natural level
of background ionization in air due to the presence of radioactive materials and cosmic radiation
is of the order of 103 − 104 cm−3 [39], however leftover ionization from previous discharges
contributes as well. Especially in repetitive discharges where leftover charges at a (slow) repetition
rate of 1 Hz can lead to an ionization level of the order of 103 cm−3 [46]. In air these electrons
will quickly be bound to oxygen and need to be detached by the high electric field (E ≈ 38 kV
cm−1 in air under standard conditions [47]) of the streamer or by means of e.g. autodetachment,
impact detachment or associative detachment,
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X− → X + e−,

X− + e− → X + 2e−,

X− + Y → XY + e−,

respectively.
Besides the ionization of neutrals upon electron impact they can also by excited to a higher state.
Most bound states can emit a photon by electric dipole radiation and return to a lower energy
state or the ground state. This is however only possible if the transition satisfies the selection rules
(see [28, 48] for more detailed explanation). The energy levels for which this transition forbidden
are called metastable, and the excited atoms are called metastable atoms. Other transitions may
still occur, but since those mechanisms are generally weak, the corresponding transition times
can be long (up to seconds) compared to the collision times and transitions from non-forbidden
states (few nanoseconds).
In case of helium there are naturally two metastable levels [28]. Theoretical calculations have indi-
cated that the helium metastables play an important role in sustaining plasma bullet propagation
by the Penning ionization mechanism:

He+ e− → He∗(metastable) + e−,

He∗ +N2 → N+
2 +He+ e−.

The electron avalanche causes not only excited but also metastable helium atoms by colliding with
the background helium gas. The helium metatables’ energy is larger than the ionization energy
of N2, hence can produce N+

2 in collisions with N2. This is the so-called Penning ionization
mechanism [49].
Since this is a two step process and thus the ionization rate is slowed down these mechanisms can
be used to prevent streamer formation and obtain homogeneous discharges. Furthermore these
metastable atoms are important to consider in the background ionization because of their long
life time compared to other excited atoms [50].
In the end considering all free electron sources and electron losses, there need to be more electrons
produced than lost for a streamer to occur.



Chapter 3

Experimental methods

In this chapter the different setups used in this research will be discussed as well as the temperature
measurement and the different techniques (Schlieren imaging and Rayleigh scattering) to visualize
the gas flow.

3.1 Plasma jet design

The plasma jet used in this work is shown by the schematic in figure 3.1. If not otherwise indicated
a voltage with amplitude 4.5 kV is applied to the electrode needle using a high voltage power
supply (Spellman SL150) and pulse generator (DEI PVX-4110). The pulse width throughout
this work is fixed at 500 ns and the repetition rate is 5.00 kHz, generated with a function
generator (Tektronix AFG2021). The voltage and current are measured with a high voltage probe
(Tektronix) and Rogowski coil (Pearson electronics), respectively.

Figure 3.1: Setup of the plasma jet with an
ICCD at a 45◦ angle.

Figure 3.2: Setup of the plasma jet in the
chamber with an ICCD at a 45◦ angle.

The plasma jet design consists of a 6 cm long quartz tube with a 2 mm inner and 3 mm outer
diameter through which a helium gas flow is applied. The high-purity (99.9995% pure) helium gas
flow rate was controlled by a mass flow controller (MFC) with a range between 0.5 to 5 standard

9



CHAPTER 3. EXPERIMENTAL METHODS 10

liters per minute (slm). The tip of the tungsten electrode inside the quartz capillary is at 3 mm
from the tube orifice. The electrode had a diameter of 1 mm. A 6×6 cm glass substrate with a
thickness of 3 mm was positioned at a distance of 5 mm from the tube. A dielectric (Perspex,
ε = 2.6) with a thickness of 1 cm was put in between a grounded aluminum plate and the glass
substrate. An ICCD is used for imaging at a 45◦ angle and if not otherwise indicated the applied
voltage pulses (both positive and negative) have an amplitude of 4.5 kV a repetition rate of f =
5.00 kHz and a pulse width of 500 ns.

To simplify the experiment by eliminating the effect of an inhomogeneous gas composition, the
jet is placed in a plastic chamber (as shown by figure 3.2) such that the gas composition of the
ambiance can be controlled. As a result the gas composition of the jet surroundings is the same
as the composition (ratio air/helium) of the gas inflow. The pressure in the chamber is con-
trolled with an atmospheric one-way valve such that the pressure inside is slightly higher than 1 bar.

To assess effects of surface processes and to better understand the transition from a diffuse to a
streamer discharge in helium-air mixtures, the jet in the chamber is compared with a volumetric
discharge in a metal chamber. This allows for investigating the effect of the air concentration on
the development of streamers in the bulk gas phase, and therefore a third setup is used which has
been simplified as much as possible illustrated in figure 3.3.

Figure 3.3: Pin electrode in the center of a grounded metal chamber with the tip at 7.5 cm from
the walls and an ICCD camera placed at a 90◦ angle.

The pin electrode has been placed in the center of the chamber at a distance of 7.5 cm from the
grounded metal chamber wall. There is a continuous gas flow of 1.50 slm, where the individual
gas flows for helium and air are adjusted to obtain the required air concentration. The outflow is
again controlled with a one-way pressure valve which allows only a gas out flow and only when
the pressure inside the chamber reaches atmospheric pressure.

3.2 ICCD imaging

Throughout this work an intensified charge-coupled device (ICCD, Andor iStar DH340T) is used,
e.g. for the investigation of the propagation of the ionization front and determining the transition
point to streamers as well as for the Rayleigh scattering measurement which will be discussed
later. Depending on the measurement the ICCD is placed at an angle of 45◦ or 90◦ with respect
to the plasma jet and laser beam. The camera is triggered on the voltage pulse and in case of
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Rayleigh scattering this is also synchronized (with a specified delay) to the laser. Both single shot
images and accumulations are taken which will be specified in the section of the measurement
itself.

3.3 Temperature measurement

In non-thermal plasmas it is often not straightforward to measure accurately the gas tempera-
ture. However different techniques are available of which two, rotational distribution and line
broadening, are used in this work and will be discussed here.
Since these methods are based on the emission the plasma produces, optical emission spectroscopy
(OES) was performed to estimate the gas temperature. The emission spectra were recorded with
a monochromator (ARC AM510, diffraction grating of 1800 lines per mm, spectral resolution
of 0.037 nm) backed by a CCD (Andor iDus, DU420A). An optical fiber was used to capture
the light from the plasma and bring it to the entrance slit of the monochromator. The fiber was
positioned at 2 cm distance from the plasma jet and at two different heights with respect to the
glass substrate. The first at the height of the tip of the needle where the most intense discharge is
and the other close to the glass substrate. Each recorded image was made of 500 accumulations
with an exposure time of 0.1 s.

The rotational temperature describes the Boltzmann distribution by which the different rotational
states of the the molecule are populated, which is an equilibrium distribution by definition. For
the assumption of the equilibrium Boltzmann distribution to be valid, the time required for equili-
bration of a rotational distribution must be shorter than the effective lifetime of the molecules [51].

3.3.1 Rotational temperature

As the lifetime of the molecules in the ground state is normally significantly larger than the
characteristic time between collisions, the rotational temperature of the ground state molecules is
usually a good representation of the gas temperature. In order to record the rotational distribution,
excitation of the ground state molecules occurs in case of OES by means of plasma processes
such as electron excitation, Penning ionization and electron-ion recombination. Other techniques
can be Raman scattering or laser-induced fluorescence [52], which will not be discussed here.
Because the discharge operates in open air, impurities, such as water, are always present in the
CAPPJ. The emission of the OH(A-X)-band is for several discharges one of the most intense
emission and often used to determine the gas temperature of plasmas [53]. Assuming that the
populations in the rotational levels are in Boltzmann equilibrium, the rotational temperature of
the excited state obeys

I ∝ (2J ′ + 1)AJ′J”νJ′J” × exp

(
− E′J
kT ′rot

)
, (3.1)

with J ′ and J” the lower and upper state after excitation, respectively. AJ′J” is the Einstein
emission coefficient, νJ′J” the frequency corresponding to the transition, and E′J the rotational
energy of the level J [51].
The rotational temperature can be identified by simulating theoretical rotational spectra for
different rotational temperatures using spectra simulation programs such as Lifbase [54]. However
in this work better results were obtained using an extended fitting model with a description
of the excited state by a superposition of two Boltzmann distributions to take into account
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the non-thermal rotational distribution of the excited state [55]. In a Boltzmann plot where
log I/(2J ′ + 1)AJ′J” is plotted as a function of E′J , a thermalized distribution would follow a
straight line. From equation 3.1 it is clear that the slope of the Boltzmann plot is inversely
proportional to the rotational temperature.
The emission spectrum of the N2(C-B) band is recorded as well and similar to the OH spectrum
a spectrum simulation program, in this case Specair [56], is used to identify the rotational
temperature.

3.3.2 Line broadening

Another way to calculate the temperature is by means of line broadening. Besides natural
broadening other effects that can contribute to the broadening of emission of atoms, such as
Doppler broadening, Stark broadening, resonance broadening and van der Waals broadening.
Doppler broadening arises from the distribution of velocities of the atoms and molecules due to
the thermal motion of the particles which is negligible in the case of a helium CAPPJ. Stark
broadening is a result of the Coulomb interaction between the light emitting atoms and charged
particles, which in the case of helium is also insignificant at the low electron densities of the
helium jet studied in this work.
The two broadening mechanisms important in the broadening of the helium line considered here
are the resonance broadening and the van der Waals broadening due to the interactions with
neutral perturbers. Resonance broadening occurs when the perturber and radiator are alike and
either the upper or lower transition level has an allowed transition to the ground state. Resonance
broadening has a Lorentzian shape and equation 3.2 presents the formula for the full width at
half maximum (FWHM) ∆λR.

∆λR(cm) = 8.61× 10−14
(
g1
gR

)1/2

λ20λRfRN, (3.2)

where g1 and gR are the statistical weights of the ground state and the upper resonance level,
respectively, λ0 and λR are the observed and resonance wavelengths, respectively, fR is the
absorption oscillator strength of the upper level of resonance transition and N = p/kBTgas is the
number density of ground state particles which are the same species as the emitter [57]. For the
resonance broadening of the helium emission at 667.8 nm equation 3.2 becomes [53],

∆λR(nm) =
26.26

Tgas
. (3.3)

Van der Waals broadening occurs when the emitting particle is being perturbed by van der Waals
forces and the FWHM can be calculated according to

∆λvdW (nm) = 8.18× 10−26λ20
(
αR2

)2/5(Tgas
µ

)3/10

N, (3.4)

with the wavelength λ0 in nm, R the difference of the square radius of the emitting atom in
the upper and lower levels, µ the reduced mass in atomic mass units, N the neutral particle
density in cm3. α is the average polarizability of the neutral perturber and for helium this value is
2.05× 10−25 [58]. According to [53] and filling in the required values equation 3.4 can be reduced
to

∆λvdW (nm) =
1.79

T
(7/10)
gas

. (3.5)



CHAPTER 3. EXPERIMENTAL METHODS 13

Since the instrumental and Doppler broadening have a Gaussion line shape and the Stark,
resonance and van der Waals broadening a Lorentzian shape, a Voigt fit is used, which is the
convolution of the two line shapes. The FWHM ∆λV can be approximated by [59]

∆λV ≈

√(
∆λL

2

)2

+ ∆λ2G +
∆λL

2
, (3.6)

with ∆λL and ∆λL the FWHM of the Lorentzian and Gaussian part respectively. The gas
temperature by means of the helium emission line is then obtained from

∆λV =
26.26

Tgas
+

1.79

T
(7/10)
gas

. (3.7)

3.4 Schlieren imaging

The Schlieren technique is an optical technique used to visualize differences in refractive index
of the gas (helium flow expanding in air) [26, 60]. The refractive index determines how light
propagates through a medium and how much the path of light is bent when entering a medium
and scales with de light velocities as:

n = c/v, (3.8)

where c is the speed of light in vacuum and v is the phase velocity of light in the medium. Because
the refractive index of helium (nHe = 1.000036) differs from the one of air (nair = 1.00029) [61],
the light beam is bent differently. In this case, the difference in refractive index is due to the
different gas however in cases where the same gas is investigated, Schlieren imaging could be used
to identity differences in e.g. the temperature since it induces a change in refractive index: An
increase in temperature leads to a lower density, which corresponds to an increase in the velocity
of the light through the medium and as a result the refractive index is decreased (equation 3.8),
leading to a different light propagation.
The principle of Schlieren imaging is that a light beam in air is focused in the corresponding
focal point, captured by a camera and once the medium changes (e.g. the helium gas flow
through the light beam), the light is bent and is focused outside the initial focal point. Then a
knife is positioned such that the edge is in the focal point of the parabolic mirror, blocking the
non-refractive light beams. These non-refractive light beams form a filtered image with a higher
contrast [62].
Because the non-refracted light rays traveling only through the air are blocked in the focal point,
these will appear black on the image captured by the camera. The light rays traveling through
helium are refracted and will show up very bright as they are not focused in the focal point.
However, the knife is not able to block only the focal point but blocks the whole of one side
including some of the refracted light rays. Consequently, those light rays will show up dark too
as they are absent and, depending on how the knife is positioned, half of the refracted light rays
representing helium appear bright while the other half appears dark. Playing around with the
position of the knife, this partition can be changed to improve the contrast of the image.
It should be obvious that moving the knife further than the focal point the total image becomes
darker and only some of the most refracted light rays representing the helium will be bright.
On the other hand when moving the knife back blocking only part of the focal point, not only
the refracted light rays representing the helium but also part of the non-refracted light rays
representing the air will show up bright.
In the end the obtained image can qualitatively visualize the difference in refractive index and in
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this case thus the gas composition, while resembling an image of an object illuminated from one
side.
Figure 3.4 illustrates the setup used for Schlieren imaging.

Figure 3.4: Schlieren setup used to measure the flow pattern consisting of a parabolic mirror with
a focal length of 2.1 m and a diameter of 11 cm.

A LED flash light is used as a light source and focused by means of diaphragms on the parabolic
mirror with a focal length of 2.1 m and a diameter of 11 cm. A fast framing camera (Photron
FastCam MINI) with a 80-200 mm focal objective is used to capture the helium flow in the
ambient air.

3.5 Rayleigh scattering

Light scattering has proven to be a powerful approach for measurements. One of the most well
known scattering mechanisms is the interaction of light with a wavelength much larger than the
size of the scattering molecules, referred to as Rayleigh scattering, which is the primary reason
that our sky is blue. Rayleigh scattering can be explained in terms of a classical model in which
a beam of incident radiation passes through a cloud of molecules. The electric field E(t) of the
radiation distorts the electron clouds of each molecule, creating oscillating dipoles. The molecular
polarizability α gives the relationship between the induced dipole µ(t) and the incident electric
field:

µ(t) = αE(t), (3.9)

where

E(t) = E0 cos(ω0t), (3.10)

is the incident field at the light frequency ω0 [63]. Rayleigh scattering is considered an elastic
scattering process which means that the energy remains the same, except for a very small amount
of energy necessary to conserve momentum between light photon and the scattering molecule.
The secondary radiation is created by the oscillating dipoles and has thus the same frequency
as the incident light. Assuming that the temperature is constant (see further), the scattering
intensity is proportional with the scattering cross-section and density of the species as shown in
equation 3.11.

IR ∼ N · σeff ∼ ΣiNi · σi, (3.11)
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where N is the overall molecule number density, σeff the effective scattering cross section, which
depends on the gas composition and can be calculated by multiplying the concentration of the
ith species, Ni. with the corresponding cross section σi, extending the sum over all species. The
Rayleigh scattering cross-section per molecule (σ) can be calculated based on the refractive index
of the gas as follows [64]:

σ =
24π3ν4(n2ν − 1)2

N2(n2ν + 2)2

(
6 + 3ρ

6− 7ρ

)
=

24π3ν4

N2

(
n2ν − 1

n2ν + 2

)2

· Fk, (3.12)

where ν is the wavenumber (cm−1), N is the gas density (cm−3), nν is the wavelength dependent

refractive index calculated with values given by Thalman et al. [65] and Fk =
6 + 3ρ

6− 7ρ
is the King

correction factor [64–66] which accounts for the depolarization from the non-sphericity of particles
[67].

The scattering cross-sections for air and helium are calculated according to the values presented
in [65, 67] and yields an air/helium scattering cross-section of 73.4 and allows for measuring the
air concentration in the helium effluent. An image capturing the Rayleigh scattering intensity of
air at room temperature and atmospheric pressure is used as a reference signal. The ratio of the
two measured Rayleigh scattering intensities can be related to the ratio in air concentrations for
the measurement and its reference as follows:

nair+He

nrefair
=
(Iair+He

Irefair

− σHe
σair

)
·
(

1− σHe
σair

)−1
, (3.13)

where nair is the air density, I the average intensity of the recorded images, and ref indicates
the density and intensity for the reference signal.

The Rayleigh scattering intensity of the beam is visualized with an ICCD perpendicular to the
laser beam as shown in figure 3.5. Each recorded image was made of an average of 500 to 1000
single shots with a 20 ns gate width.
A Nd-YAG laser (Spectra Physics, Quanta-Ray Lab-170) is used to generate a second harmonic
(λ = 532 nm) laser pulse of 7 ns (P = 38 mW). By means of a lens (f = 1000 mm), a diaphragm,
and a slit indicated in figure 3.5 the laser beam is focused exactly below the center of the plasma
tube at a distance z from the glass substrate (at z0 = 0). The beam width in the focus is
0.34± 0.05 mm.
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Figure 3.5: Schematic of the plasma jet with the Rayleigh scattering setup indicating the laser,
optics, ICCD and the components of the plasma jet configuration



Chapter 4

Plasma jet characterization

The general configuration of the plasma jet impinging on a glass substrate as presented in figure
3.1 is characterized in this chapter. Properties such as the emission profiles, plasma energy,
and plasma temperature will be discussed as well as the propagation of the ionization front. In
addition polarity dependent differences will be addressed.

4.1 Plasma emission

In figure 4.1 two photos are presented, taken with a CCD camera (Nikon, D3100) of a positive
and negative discharge, referred to a discharge created by, respectively, positive and negative
voltage pulses applied to the needle electrode inside the plasma tube. The glass substrate is
positioned at a 5 mm distance with respect to the nozzle.

Figure 4.1: CCD images of the discharge when a positive (left) and negative (right) voltage pulse
is applied to the needle electrode. The quartz capillary is outlined in white and the glass substrate
is at 5 mm distance from the nozzle.

In both cases the plasma plume decreases in diameter when reaching the substrate, corresponding
to a higher air concentration than close to the nozzle (as will be discussed later in chapter 6).
From the figures it also is clear that plasma emission from the positive discharge is intenser than
the emission from the negative discharge and that the positive discharge spreads out more on the
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surface. Furthermore the negative discharge shows a more homogeneous emission profile radially
compared to the positive polarity which shows a hollow profile. This is consistent with previous
observations [33, 68, 69] and due to the different streamer propagation mechanisms. As explained
in section 2.2 case of a positive streamer, electrons diffuse away in the direction opposite to the
steamer propagation. Contrary, in the case of negative polarity the electron drift causes the
streamer growth in the direction of propagation.

4.2 Plasma conditions

4.2.1 Energy

In the standard configuration a voltage pulse with an amplitude of V = 4.5 kV, a pulse width
of 500 ns and a repetition rate of 5.00 kHz is applied to the needle electrode. The voltage and
current waveform in case of a positive discharge are shown in figure 4.2. The energy per pulse
for the positive and negative polarity discharge yields E = 55 µJ and E = 30 µJ respectively,
which is calculated by means of subtracting the current in case of no plasma (plasma off) from
the current in case of a plasma (plasma on). The higher energy for the positive voltage pulse is
consistent with the more intense discharge emission for the positive polarity (as observed in the
CCD images shown in figure 4.1).

Figure 4.2: Voltage (blue) and current (red) waveform in case of a positive discharge.

The rise and fall time of the voltage pulse is 18 ns. The associated current during the rising phase
comes from the change in voltage applied to the needle electrode and reaches its peak value where
the main discharge event occurs. Then when the voltage waveform reaches its value the current
is on average zero and the charges are accumulated on the dielectric surface and an ionization
front starts to propagate. As the voltage pulse starts to fall a second current peak with opposite
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polarity is observed. This current peak is induced by the charges accumulated on the dielectric
surface during the pulse.

4.2.2 Temperature

The application of this jet is to treat heat sensitive surfaces. To ensure a low temperature,
time averaged gas temperature measurements are performed in three different approaches: the
rotational temperature of OH(A-X) (0,0), the rotational temperature of N2(C-B) (0,0) and the
line broadening of He I at 667.8 nm, as explained in section 3.3. The outcomes of the analysis is
shown in figure 4.3 and 4.4.

Figure 4.3: Spectra used for temperature determination of a positive discharge where a) shows
the experimentally obtained spectrum of OH(A-X) at the position of the nozzle together with the
calculated spectrum for a temperature of T=295 K. b) Experimentally obtained spectra together
with the calculated spectra by means of Lifbase of N2(C-B) at the position close to the substrate
for both positive and negative (offset of 0.2) discharges with temperatures T=300 ± 15 K and
T=295 ± 15 K, respectively.

The fitting of the rovibrational spectra of OH(A-X) and N2(C-B) yield a rotational temperature
of Trot = 296 ± 4 K and Trot = 297 ± 15 K, respectively. The rotational temperatures Trot
correspond within experimental accuracy and can be considered to be in equilibrium with the
gas temperature Tgas as the rotational energy transfer times is significantly smaller than the
effective lifetime of these two excited states in helium [36]. The obtained measurements yield the
same results, within experimental accuracy for both positive and negative polarity as well as for
both measured positions. The temperature at the position of the electrode is also determined by
means of emission line broadening for He I at λ = 667.8 nm. As discussed in section 3.3.2 the gas
temperature can be estimated by means of equation 3.7 which includes the resonance and van
der Waals broadening.
Hofmann et al. [53] showed that the estimation of the gas temperature by means of equation 3.7
results in an overestimation of approximately 15%. The gas temperature obtained from the fit
is Tgas = 363± 4 which would be Tgas = 309± 4 taking into account the overestimation. The
temperature observed using this method is slightly higher than the rotational temperature of
OH(A-X) and N2(C-B) potentially due to enhanced heating near the electrode, where the helium
emission is the strongest. Local heating near the electrode has been observed in models of Lietz
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Figure 4.4: Helium emission line together with a Voigt fit (FWHM = 0.1016 ± 0.0004) at the
position of the nozzle.

et al. [70]. Their model showed that the gas temperature was almost tripled within a time frame
of a 70 ns pulse after which it decreased again. While we obtained both spatial and temporal
averaged temperatures and local increases of the gas temperature, it is clear that the increase in
gas temperature is minimal.

4.3 Propagation of ionization wave of the jet in open air

The propagation of the ionization wave of the jet impinging on the glass substrate is investigated
by means of ICCD images of various time delays with respect to the plasma ignition, corresponding
to the first current peak in figure 4.2.
Time dependent images of a positive and negative discharge during the first 100 ns (after the
start of the pulse), are shown in figure 4.5 and figure 4.6 respectively.
At approximately t = 30 ns the positive streamer touches the surface after which it starts spreading
out radially on the surface. It is visible in figure 4.5 that at t = 70 the positive ionization front
on the surface is ring-shaped and eventually the homogeneous ring becomes unstable and forms
streamers (t = 100).
In the negative case the streamer touches the substrate at approximately t = 40 ns, and instead
of a ring shape the ionization front spreads out more homogeneously as a disk. Moreover, no
filamentation is observed here.

The second discharge corresponding to the second current peak cause by the surface charge on
the glass substrate, is also investigated. Similar to the first discharge, time dependent images of a
positive and negative discharge during the first 100 ns after the end of the pulse), are shown in
figure 4.7 and figure 4.8 respectively.
As can be observed in figure 4.7 the positive streamer touches the substrate in between
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Figure 4.5: Time resolved ICCD images (gate = 5 ns, 25 accumulations) for a positive discharge
(V = 4.5 kV) and a flow rate of 1.5 slm. The outside of the quartz capillary is outlined in white.

Figure 4.6: Time resolved ICCD images (gate = 5 ns, 25 accumulations) for a negative discharge
(V = -4.5 kV) and a flow rate of 1.5 slm. The outside of the quartz capillary is outlined in white.

500 < t < 520 ns, which is faster compared to the fist discharge and due to the leftover
space charges that are still present in the plasma column. Once the streamer touches the surface
the plasma column becomes more intense however the radial spread on the surface is minimal. In
general the discharge is stronger during the first 100 nanoseconds of the pulse start (figure 4.5).
Contrary in the case of a negative voltage pulse the strongest discharge occurs during the first 100
nanoseconds after the end of the pulse (figure 4.8). In both cases this correlates with the rise of
the voltage pulse. The negative streamer (as seen in figure 4.8) is also faster compared to the first
discharge and reaches the surface at approximately t = 530 after which it spreads out radially
on the surface and becomes filamentary around t = 600. Throughout the rest of this work, in
situations concerning positive discharges the initial discharge (0 − 100 ns) will be considered
whereas for negative voltage pulses the second discharge (500−600 ns) will be considered, because
that is when the filamentation is observed. However, comparing these positive and negative cases
has to be done with care, keeping in mind that the situation are not exactly the same due to the
leftover space and surface charges in the negative case.
Furthermore it can be observed that the positive discharge is in both situations stronger. This is
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Figure 4.7: Time resolved ICCD (gate = 5 ns, 25 accumulations) images for a positive discharge
(V = 4.5 kV) and a flow rate of 1.5 slm. The outside of the quartz capillary is outlined in white.

Figure 4.8: Time resolved ICCD images (gate = 5 ns, 25 accumulations) for a negative discharge
(V = -4.5 kV) and a flow rate of 1.5 slm. The outside of the quartz capillary is outlined in white.

associated with the higher energy per pulse for positive (E = 55 µJ) compared to negative (E =
30 µJ) discharges (see section 4.2.1).

The position of the ionization front on the surface is determined at every time step for a positive
and negative discharge and given in figure 4.9. The positive discharge spreads out homogeneously
for t ≤ 70 ns whereas for t ≥ 80 ns the propagation of the filaments is tracked. For a negative
discharge this transition occurs at t = 600 ns (100 ns after the end of the voltage pulse).
The propagation velocity is determined by means of a linear fit of the position and yields an
average velocity of (5.8± 0.1) · 104 m/s and (2.5± 0.1) · 104 m/s for positive and negative polarity,
respectively. It is clear that the propagation velocity across the surface for a positive discharge
is larger. Sretenović et al. [71] have shown that the velocity increases with the electric field
and decreases with the air concentration (for the same electric field strength). Based on the
presumption that with increasing radial position the air concentration increases one would expect
a decreasing velocity. However the velocities obtained from figure 4.9 are approximately constant.
Therefore a possible explanation could be that the electric field at the streamer head is higher for
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increased air concentration. The reason that the propagation velocity for the positive ionization
front is higher compared to the negative one could be related to lower concentrations of air (which
is not the case as explained later), or to higher electric field strengths. Attempts have made to
measure the electric field which unfortunately was not possible due to intrinsic problems with the
probe used.

Figure 4.9: Position of a positive and negative ionization front along the surface of the substrate
in open air environment. (Flow rate is 1.5 slm and V = ±4.5 kV.)

The maximum diameter before the transition from a diffuse ionization front to a filamentary
discharge occurs, increases with the flow rate and is always larger for a positive discharge, as
shown in figure 4.10. For lower helium gas flow velocities the air concentration within a certain
volume increases. Since the effective Townsend coefficient (section 2.1) for a given E/N is lower for
lower air concentrations, it is more difficult to sustain a diffuse ionization front and the transition
to filaments occurs sooner corresponding to a smaller maximum diameter. As explained before,
due to the electric field enhancement around the streamer head, streamers can propagate into
areas where the background electric field is below the ionization threshold of the background gas.
The radial air concentration for the different flow rates (0.5− 2.5 slm) can be obtained by means
of Rayleigh scattering measurements and is presented in figure 4.11. Using both figures 4.11 and
4.10 it is possible to obtain the concentration at which the transition to the filamentous mode
occurs. Although the accuracy of the measurement is limited, the concentration for which this
transition happens is within a range of 9 − 17% air, for both polarities. However there is not
a clear correlation between the flow rate dependence and the air concentration. Besides that
there is no difference in the air concentration between positive and negative discharges while the
maximum diameter of the diffuse ionization front is clearly larger for positive discharges.
The tendency to from streamers (which is related to the gradient ∂(αeff/N)/∂(E/N)), is not
only determined by the effective Townsend coefficient but depends also on the electric field
strength. Since it was not possible to measure the electric field, the maximum diameter of the
diffuse ionization front is measured for different applied voltages (3.5, 4.5, and 5.5 kV) and
shown in figure 4.12. Again a larger maximum diameter corresponding to a later transition to
the filamentary mode, is observed for the positive discharge. However for higher voltages the
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Figure 4.10: Maximum diameter of homo-
geneous part as a function of the flow rate
(V = ±4.5 kV).

Figure 4.11: Normalized air density obtained
by means of Rayleigh scattering measurements
for various flow rates and V = ±4.5 kV.

transition diameter becomes more similar. In both cases the diameter increases with increasing
applied voltage. A higher applied voltage leads to a higher electric field and a reduced gradient
∂(αeff/N)/∂(E/N)) and thus reduced tendency to form streamers.

Figure 4.12: Maximum diameter of homogeneous part as a function of the applied voltage with a
flow rate of 1.5 slm.

However it is not possible to draw strong conclusions since there are a lot of factors that can
influence the streamer formation such as the difference in air concentration, which has an impact
on the effective Townsend coefficient as well as the tendency to form streamers, and the electron
number, which influences the electric field again. Furthermore the effect of surface charge due to
the presence of a substrate is not considered here which can also influence the streamer formation
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and is not constant for every situation examined.
To be able to investigate the underlying mechanisms, simplified setups in which the helium-air
composition can be controlled are used and will be discussed in the next chapter.



Chapter 5

Filamentation in a controlled
helium-air environment

As seen in the previous chapter, where the propagation of the ionization front of a CAPPJ in air
is investigated, it is difficult to extract strong conclusions due to the multiple factors influencing
the streamer formation. Those are for example the surface charge and the difference in air
concentration which has an impact on the effective Townsend coefficient as well as the tendency to
form streamers (section 2.2). To limit the contribution of a varying gas composition (helium/air),
the jet is placed in a chamber (figure 3.2) which will discussed in section 5.2. Nonetheless there is
still the effect of surface charge because of the substrate. For this reason there is also looked into
the most simple configuration, a pin electrode in a grounded metal chamber (figure 3.3), which
results will be discussed first.

5.1 Pin electrode in metal chamber

The use of this simplified setup (as shown in figure 3.3) has two reasons: 1. the ability to assess
the effect of the air concentration on streamer formation and 2. the ability to assess the effect of
dielectric surface charge by comparing these results with the results of the jet in the chamber
(see next section).
All results in this section have been obtained by applying a positive voltage pulse (V = 4.5
kV) to the needle electrode. From time dependent ICCD images it is observed that for lower
concentrations of air a homogeneous discharge can be observed while for higher concentrations
(> 18% air) filaments can be observed.

Figure 5.1 and 5.2 show time resolved images of the evolution of an ionization front in helium + 5
and 20 % air environment in the chamber. These two different gas compositions represent the two
different cases where a homogeneous discharge and where filaments respectively, can be observed.

The propagation of homogeneous discharges of 4 different air concentrations (0%, 5%, 9% and
15%) are compared as well as the propagation of a filamentous discharge of 20% air concentration.
The position of the ionization front is shown in figure 5.3 and represents the farthest distance
(vertical down from the tip) at which visible emission occurs with respect to the anode. The
transition to filaments (for 20% air) occurs within 250 ≤ t ≤ 320 ns, ans is indicated by means of
the dashed lines. This transition is clearly visible in figure 5.3 as the dependence of the position
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Figure 5.1: Time resolved propagation of the discharge in a helium with 5% air concentration
environment. (Applied voltage is 4.5 kV, gate width is 5 ns and 10 accumulations).

Figure 5.2: Time resolved propagation of the discharge in a helium with 20% air concentration
environment. (Applied voltage is 4.5 kV, gate width is 5 ns and 10 accumulations).

on the time changes and an acceleration occurs.
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Figure 5.3: Position ionization front for differ-
ent concentrations of air (V = 4.5 kV). Dashed
lines indicate the time frame in which the tran-
sition to filaments occurs in case of the 20%
discharge.

Figure 5.4: Velocity ionization front obtained
by differentiating the exponential and linear
fit of the position (V = 4.5 kV).

From figure 5.3 it can be concluded that with increasing air concentration the discharge becomes
smaller and the ionization front in lower air concentrations propagates faster in case of a homoge-
neous discharge. This is similar for the filamentary discharges where the propagation is reduced
for higher air concentrations for the homogeneous ionization front before the transition to fila-
ments occurs. After the transition to filaments the velocity increases and becomes approximately
constant. The velocity is shown in figure 5.4 and obtained as follows. A two-part exponential fit
has been used to fit the experimental data points of the position of the homogeneous ionization
front. The position of the filamentary discharge in case of 20% air is fitted with a linear function.
The velocity is then obtained by differentiating the exponential and linear fit.

For a better understanding of the underlying mechanism a comparison of the time dependent
positions for different voltages for the air concentrations of 9 and 20% air is given in figure
5.5. As mentioned before in case of 20% air (V = 4.5 kV) transition to filaments occurs within
250 ≤ t ≤ 320 ns. For higher applied voltages the transition stays within this time frame however
the start of instabilities occurs slightly later compared to the V = 4.5 kV case. This is in spite the
higher applied electric field and thus more space charge present. It might be related to the reduced
tendency to form streamers as the gradient ∂(αeff/N)/∂(E/N) is smaller for higher electric
fields. However the data is limited and the differences minimal, therefore more measurements
have to be performed systematically in order to see a real trend.
It is also already discussed that a higher air concentration decreases the velocity and the maximum
size of the discharge. From figure 5.5 it is clear that with increasing voltage the size (represented
by the vertical length) of the discharge increases as well as the velocity of the ionization front
propagation increases.
There are a few factors influencing the propagation velocity which will be discussed here.
First, the velocity decreases over time for all air concentrations where no filaments are observed
(figure 5.4). The electric field is estimated assuming the space charge moves with the ionization
front, and because of the spherical shape E ∼ 1/R. Since the spherical shaped discharge increases
and for larger radii the electric field is smaller the velocity decreases over time. Moreover, the
higher voltage leads to a higher electric field resulting in an increase of the propagation velocity
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Figure 5.5: Position ionization front relative to the electrode tip as function of the time for
different voltages of the 9 and 20% air discharge. The gray area indicates the time frame of the
transition to filament in the 20% air case.

(which will be discussed in more detail later). The third contributer is the air concentration as a
higher concentration of air results also in a decrease of the velocity of the ionization front.
As explained before (section 2.1) the ionization in avalanches is usually described by the effective
Townsend ionization coefficient αeff . A higher air concentration leads to a lower αeff at the
same reduced electric field as shown in figure 5.6, obtained using BOLSIG+ (version 03/2016
[72], Phelps database, www.lxcat.net, retrieved on August 15, 2017).
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Figure 5.6: Reduced effective Townsend coefficient as function of the reduced electric field for
different air concentrations.

The electric field of the avalanche (Ea) created by the space charge in the ionization front is
smaller since the charge Ne ≈ eαx decreases with smaller α. As a result the total electric field
( ~E = ( ~E0) + ( ~Ea), with E0 the applied electric field) is smaller due to the lower ionization
coefficient and therefore leads to a reduction of the ionization velocity.
As mentioned before with increasing voltage the velocity of the ionization front propagation
increases. This is because the applied electric field increases and a higher applied electric field
results in a higher ionization coefficient (α). Since Ne ≈ eαx the space charge and corresponding
electric field of the space charge increases as well, which leads to an increase in the propagation
velocity.
In conclusion, there are three contributors to the reduction of the electric field leading to a
decrease in the velocity of the ionization front: 1. The lower ionization coefficient for increasing
air concentration at the same E/N leading to less space charge, 2. the larger radius over time for
the same concentration (E ∼ 1/R) and, 3. a lower applied voltage which also reduces the electric
field leading to a reduction of the ionization front velocity.

To investigate the transition to the filamentary regime figure 5.7 shows single shot images for
different air concentrations.
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Figure 5.7: Single shot images (500 ns gate) of the discharge for various concentrations where a
and b represent the cases for no filamentation, c and d the range wherein the transition to the
filamentation regime happens which is represented by e-h where filamentation is observed.
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In summary, in case of 0% air, the discharge has a spherical shape which will grow during the
pulse. With increasing air concentration the maximum radius of this sphere reduces and the
shape of the emission zone becomes more triangular (figure 5.7 a-d). A further increase in the air
concentration results in a further increase in inhomogeneity leading to the streamer formation for
air concentrations in excess of 18% (figure 5.7e-h).
Also, as α decreases with increasing air concentration for the same E/N (figure 5.6), the lower
intensity of the plasma emission for higher air concentrations (figure 5.7) could be an indication of
this. However the lower emission intensity can also be due to other mechanisms such as collisional
quenching of the excited states.

5.1.1 Discussion

Historically, the Meek criterion has been derived assuming that the electric field induced by the
space charge equals the applied Laplacian electric field. In the case of electronegative discharges
(like O2 in air) this condition typically occurs for E/N when attachment equals the ionization
(α = η), due to the steep rise of the effective Townsend coefficient at this E/N . Figure 5.6 shows
the reduced effective Townsend coefficient as a function of E/N for different concentrations air
in helium. The critical electric field (E/Ncrit) is defined as the electric field value for which
αeff = α− η = 0.

In figure 5.8 these critical electric field values (Eα=η) are plotted together with the experimentally
obtained electric field values using a spherical approximation E = Vappl/Rcurv, where Rcurv is the
curvature radius of the ionization front at the maximum distance vertical from the electrode tip. It
is assumed that the discharge is a perfect conductor, neglecting the voltage drop between the metal
pin electrode and the ionization front and thus this approximation will lead to an overestimation
of the electric field. The Laplace electric field values are obtained using Comsol as shown in figure
5.9. As this method does not consider the contribution of space charge, it will underestimate
the actual electric field. Furthermore the electric field assuming that the propagation velocity
equals the drift velocity (vprop = vdrift) is included as well. Since the velocity is time dependent
and the transition to filaments, (if it occurs), takes place in a time frame between 200 and 400
ns, the average of the velocities at t = 200, 300 and 400 ns is taken to represent the propagation
velocity. Using BOLSIG+ the corresponding E/N dependent drift velocity (vdrift = µ×E) can
be calculated from which the electric field value is determined. Similarly, this leads also to a too
small electric field (E(vprop=vdrift) << Ecrit) and hence an underestimation at the position of the
ionization front. The blue area represents the air concentrations where the discharge becomes
unstable just before clear filamentation can be observed.

As mentioned before, the Laplacian electric field assumes that there is no space charge. The
electric field increases with the concentration of air because the maximum diameter of the dis-
charge decreases and as seen in figure 5.9 the Laplace field is proportional to E ∼ 1/r2, with r
the position where transition to filaments occur relative to the needle electrode. This is compared
to the critical electric field for which αeff = 0 for the concentration which has R as the position
where filamentation starts. The result shows also that space charge is important for the calculation
of the electric field.
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Figure 5.8: Electric field values as function of
the air concentration where the black mark-
ers indicate the values for the critical electric
field where αeff = 0 obtained from calcula-
tions with BOLSIG+ and the red markers the
experimental data obtained from the radius
of curvature. The blue markers represent the
Laplacian electric field calculated by means of
Comsol and the green markers the electric field
assuming the propagation velocity equals the
drift velocity.

Figure 5.9: Laplace electric field (blue) calcu-
lated by means Comsol using a 2D geometry
with dimensions same as experimental values.
4.50 kV is applied to the pin electrode and the
metal walls of the chamber are grounded. The
black markers indicate the critical electric field
(for which αeff = 0). The concentration at
which Ecrit is determined corresponds to R as
position where filamentation occurs (since R
depends on the air concentration).

An equivalent for the Meek criterion in air αd ≥ 20 (section 2.2) can be calculated for different air
concentrations, where α is determined from E/N obtained from the approximation E = V/Rcurv,
and d is de displacement at every time step (figure 5.3). For the air concentrations of 9%, 15%,
and 20% this yield, 120, 102, and 92 respectively. The first two concentrations represent diffuse
discharges and the last concentration represents a filamentous discharge.
In all three cases

∫
αeffdx >> 20 in spite that for α only ionization from the ground state is

considered, which is an underestimation since contributions of e.g. Penning-ionization at low
E/N values are neglected as well as photo-detachment of negative ions remaining from previous
pulse, important when air is involved. Sretenovic et al. with increasing electric field strengths
the value for the equivalent of the Meek criterion (M) asymptotically approaches the value of 18
whereas for lower electric field values M rises. For fields lower than BN/2 ≈ 15 kV/cm in helium
(with B a parameter depending on the gas and electric field range which can be obtained from
BOLSIG+), M becomes becomes too large due to the importance of diffusion effects. This is in
line with the outcome of the dimensional analysis made in [73], where in low E/N diffusion plays
an important role delaying the transition to streamer formation. From this can be concluded
that the ionization is sufficient to have space charge effects that can lead to streamer formation.

As previously discussed and visualized in figure 5.7, the observed phenomena can be divided into
three regions of different air concentration:
Diffuse ionization front (0 − 12% air), unstable / transition to streamers (12 − 18% air), and
streamers (> 18% air). Streamer formation requires an inhomogeneous electric field and ionization
rate. Therefore αeff should vary strongly with E/N, enhancing the spatial variations in the
ionization rate. Furthermore the electron diffusion should not be very important compared to
electron drift to enable spatial variations in electron densities that will lead to spatial variations
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in E/N generated by these space charges.
Diffuse discharge region (0− 12% air): As the maximum sphere shrinks with increasing air
concentration, the radius of curvature decreases but the discharge becomes also more triangular
which flattens the bottom part of the discharge resulting in a larger curvature radius causing
a reduction in the local electric field. In this air concentration region the curvature radius
shows a slight decrease with increasing air concentration, except for the case of 0% air. In this
region streamer formation is most likely prevented due to pre-ionization and diffusion (as will be
discussed later).
Transition region (12− 18% air): This region of air concentration is indicated in blue in figure
5.8 and represents the unstable ionization fronts where sometimes the beginning of filamentation
can be observed. The reason for the sudden decrease in the electric field strength is the increase
in the curvature radius because the bottom part of the discharges becomes almost flat, which
is visible in the images in figures 5.7c and d. Because the shape deviates a lot from a sphere,
the approximation of the electric field (figure 5.8) using the curvature radius might provide an
underestimation of the electric field. Also the edges of the triangle have a larger electric field,
and therefore streamers are expected to emerge from the edges.
Streamer region (> 18% air): This region represents the discharges for which filaments are
observed. The triangular shape has become an ellipsoid with a certain curvature radius at the
maximum distance from which streamers emerge. This ellipsoid shrinks with increasing air concen-
tration and shows thus a decreasing curvature radius (figure 5.7e-h). The electric field as shown in
figure 5.8, now exceeds the value of the electric field for which the ionization equals the attachment.

As mentioned before there is sufficient ionization to have space charge effects that can lead to
streamer formation. The reason that for air concentrations lower than 18% no filaments are
observed can be explained by the importance of diffusion for low electric fields. Figure 5.10 shows
the ratio of diffusion and mobility as a function of the reduced electric field showing that the
diffusion coefficient compared to the mobility in helium is much higher than in air and that for
electric field strengths (10-20 Td) concentrations in excess of 10% air are even comparable to 100%
air. The markers indicate the values of the critical electric field for the different concentrations
with values of 2.2± 0.1 for the ratio D/µ. The experimental values of the electric field for diffuse
discharges (determined according to E = V/Rcurv), are within the range 15− 25 Td.
In helium the transition is diffusion dominated [73] as the values 15 − 25 Td equal 3.8 − 6.3
kV/cm for the diffuse discharges is much lower that the experimental finding of BN/2 ≈ 15
kV/cm for helium [71]. In a single avalanche and homogeneous electric field the ratio of the
radial spread squared over the traveled distance (r2/d) is proportional to the ratio diffusion
over mobility (D/µ)[74]. That means that for a larger D/µ (e.g. helium) the radial spread of
the avalanche increases and local electric field gradients and inhomogeneities reduce, inhibiting
streamer formation. For higher air concentrations, the ratio D/µ decreases and therefore the
inhomogeneities are enhanced resulting in a higher tendency for the transition to streamers.

This principle can also be observed in figure 5.7 where an increase in air concentration correlates
with a smaller radial spread because of the reduced radial diffusion.
The radius of the streamer as function of the concentration is plotted in figure 5.11, which clearly
decreases for increasing air concentration.
Since the pre-ionization in a helium environment is higher than in air because of the longer life
time of helium ions [50, 75, 76], this leads to a stronger tendency for homogeneous discharges
due to overlapping avalanches [36]. This effect is even more pronounced if avalanches are broad
because of the strong diffusion effects (i.e. at low E/N and in helium).



CHAPTER 5. FILAMENTATION IN A CONTROLLED HELIUM-AIR ENVIRONMENT 35

Figure 5.10: Ratio of diffusion and mobility as a function of the reduced electric field for different
concentrations. The markers indicate the corresponding values of the critical electric field.

Figure 5.11: Streamer radius as a function of the concentration. Applied voltage is V=4.5 kV.
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5.2 Jet in controlled helium-air environment

As shown previously the discharge is highly dependent on the air concentration. In this section
the jet impinging on a glass substrate within a controlled environment is investigated (see figure
3.2). The applied voltage amplitude (4.5 kV) and the total flow rate (1.5 slm) is kept constant
throughout this section.

The time dependent radial position of the ionization front of a positive discharge on the surface
is determined by means of ICCD images, for a discharge in pure helium, representing a diffuse
discharge, and a discharge in a helium + 2% air environment, representing a discharge where
filaments are observed, and given in figure 5.12. In line with previous observations in this work,
the discharge in pure helium develops a larger ionization front and spreads out more on the surface
compared to the discharge in a helium + 2% air environment. The streamers are formed (if it
occurs) within 170 < t < 200 ns, after which the position of the streamers is tracked assuming
a constant propagation velocity. The propagation velocity is also higher in the pure helium
environment.

Figure 5.12: Radial position of the ionization
front (V = 4.5 kV) for a pure helium and a
helium + 2% air discharge as function of time.
Dashed lines indicate the time frame in which
the transition to filaments occurs in case of
filamentary discharge.

Figure 5.13: Propagation velocity of the ioniza-
tion front along the surface (V = 4.5 kV). The
black and first red line are exponential decay
fittings and the second red line is a linear fit
representing the propagation of the streamers.
The green dashed line indicates the drift veloc-
ity of 98% helium + 2% air (vdrift = µ × E)
where E represents the value at which the ion-
ization equals attachment.

Propagation velocity on the surface of positive discharges in the two different gas compositions is
given in figure 5.13. The velocity of the diffuse discharge is determined by means of differentiating
an exponential fit of the radial position of the ionization front obtained from the ICCD images.
A linear fit is used for the propagation of the streamers, resulting in a constant velocity. The
drift velocity of 98% helium + 2% air is calculated according to vdrift = µ× Ecrit where Ecrit
represents the value at which the ionization equals attachment (α = η).
In both cases (100% helium and 98% helium + 2% air) the propagation velocity is larger than
the calculated drift velocity and thus the corresponding E/N is larger than the critical electric
field. As a result αd is larger leading to sufficient space charge to enable streamer formation.
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However surface charge plays a crucial role in local electric field near surface.
Comparing these results with the pin electrode in chamber configuration, the velocities are of the
same order of magnitude, however decrease in velocity (for the jet in chamber configuration) is
slower, which could be an effect of the surface present.

Single shot images at an angle of 90◦ as a function of the air concentration are presented in
figure 5.14 and 5.15 for positive and negative polarity respectively. (Note: the color scale for the
positive discharge is much higher.)

Figure 5.14: Single shot images (400 ns gate width) for positive polarity as a function of the
concentration. Applied voltage is V=4.5 kV and a total gas flow rate of 1.5 slm where the helium
and air flow are adjusted to obtain the desired air concentration.

Figure 5.15: Single shot images (400 ns gate width) for negative polarity as a function of the
concentration. Applied voltage is V=-4.5 kV and a total gas flow rate of 1.5 slm where the helium
and air flow are adjusted to obtain the desired air concentration.

With increasing air concentration the radial distance of the plasma emission decreases for both
polarities. In case of positive polarity the thickness of the streamer decreases too whereas in case
of negative polarity this is more difficult to determine since the shape of the plasma develops a
cone structure rather than spreading out on the surface like in the positive case. However when
comparing these cases one needs to bear in mind that for the positive discharge the first and for
the negative discharge the second current peak is considered. The different cone structure for the
negative discharge could therefore be an effect of the surface charge.
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From the single shot ICCD images at a 45◦ degree angle shown in figure 5.16 and 5.17 for a
negative and positive discharge respectively (Note: the color scale for the positive discharge
is much higher), the maximum diameter of transition to streamers is obtained and is plotted
as a function of the air concentration in figure 5.18 for both polarities. With increasing air
concentration the intensity of the discharge decreases. Figure 5.16a and 5.17a represent a pure
helium environment where the discharge spreads out across the whole surface of the glass substrate
outside the scope of the ICCD. The positive discharge spreads out more on the surface compared
to the negative one.

Figure 5.16: Single shot ICCD images (400 ns gate width). V=-4.5 kV and helium flow rate of
1.5 slm with additional air flow to obtain the desired air concentration.

Figure 5.17: Single shot ICCD images (400 ns gate width). V=4.5 kV and total gas flow rate of
1.5 slm where the helium and air flow are adjusted to obtain the desired air concentration.

Figure 5.17 shows clearly the presence of an instability of the ionization front which seem to have
a different wavelength for different air concentration. To get an estimate of the wavelength as a
function of the concentration, the spatial wavelength (ratio rsurf/n, where rsurf is the radius of the
diffuse part of the discharge on the surface and n is the number of visible filaments/protrusions),
is calculated and presented in figure 5.19 for both polarities. Derks et al. showed that the
wavelength (λ) of the planar ionization front scales with the diffusion length scale (Λ):
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Figure 5.18: Maximum diameter before transition to filamentary discharge in chamber for positive
(red) and negative (blue) voltage pulses. The open markers represent the maximum diameter in
the case that no transition to filaments occurs.

λ ∼ Λ ∼
√
Dt, (5.1)

with D and t the diffusion coefficient and time [77]. Indeed the wavelength decreases for increasing
air concentration corresponding to a decrease in the diffusion. While the same trend is observed
this does not give qualitative the correct values due to the different D and t for different air
concentrations.
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Figure 5.19: The ratio of the radial spread divided by the number of filaments as a function of
the concentration for positive (red) and negative (blue) polarity.

Analogous to the case of the pin electrode, diffusion has to be taken into account. Diffusion on a
surface for ions is D = 1.3 · 10−12 m2/s [78]. Comparing this to diffusion in the gas phase for
atmospheric pressure, N+

2 in N2 is D = 4 · 10−6 m2/s, yields that diffusion is much less on the
surface compared to the gas phase. Therefore in the presence of surface charge the diffusion
effect is reduced and the transition to streamer is enhanced as it is easier to build up gradients in
the electric field. Furthermore the surface itself is imperfect and surface inhomogeneity leads to
variations in e.g. the second Townsend coefficient (γ) which can enhance non-uniform electric
fields. This together with the higher E/N explains why transition to streamers occurs for lower
concentrations of air compared to the pin-chamber experiment.
For the original case of the jet in open air, the air concentration is higher and therefore the effect
of diffusion is reduced leading to a faster transition to streamers.



Chapter 6

Air density profiles

Because the CAPPJ operates in a helium gas where the effluent of the jet extends into an
open air environment, this leads to air entrainment in the jet effluent. As observed before, the
concentration air in the helium/air-mixture has a great influence on the formation of streamers
and the morphology of the plasma jet. Furthermore in many of the applications mentioned above
the plasma-induced chemistry is critical and highly dependent on the air concentration in the jet
effluent [79, 80]. In simulations of plasma jets the gas flow and corresponding gas composition
of the jet effluent is often calculated assuming that the plasma has a negligible effect on the
air concentration distribution in the helium effluent. Nonetheless recent experimental work has
shown that the plasma can strongly impact the gas flow dynamics [26, 81, 82].
Therefore this chapter is devoted to the effect of the plasma on the gas flow where the flow is
visualized and air density profiles are measured by means of Schlieren imaging and Rayleigh
scattering.

6.1 Introduction

Non-equilibrium plasmas can impact the gas flow through two possible mechanism [26, 83–85]:
Energy deposition leading to gas heating and momentum transfer from ions to neutral gas atoms
and molecules inducing an electrohydrodynamic (EHD) force. Park et al. have investigated the
EHD forces in a free helium plasma jet and found that gas heating has a negligible effect on the
flow pattern and air entrainment [86]. They also showed that the EHD forces are insignificant for
pulsed discharges with a pulse width of 1 microsecond but become significant for pulse widths
of 50 microseconds. This effect is attributed to the presence of space charge fields after the
streamer phase. Darny et al. [82] proposed a similar mechanism based on the presence of space
charges on longer time scales, which seem to be enhanced through charge accumulations over
several discharge pulses. Nonetheless, several studies have also reported the effect of gas heating
on the disturbance of the plasma effluent for plasma jets dissipating a significant amount of
power [80]. However a few studies using nanosecond pulsed discharges [60] have also shown a
significant disturbance of the gases and often both thermal and EHD effects are suggested as
possible mechanisms.
In the field of flow control, it is generally accepted that nanosecond pulsed discharges impact the
flow through energy deposition (heating) and AC driven discharges through momentum transfer
[87, 88]. Nonetheless flow control is typically studied in air and the heating in nanosecond pulsed
discharge is in this case due to the fast heating mechanism [89] in air which is not necessarily
occurring in helium. Hence, the dominant cause of flow disturbances by atmospheric pressure

41
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nanosecond pulsed plasma jets in helium remains unidentified.

6.2 Schlieren imaging

In order to visualize the gas flow dynamics qualitatively, time dependent Schlieren images are
taken using the setup shown in figure 3.4. Figure 6.1 shows the obtained images for a helium gas
flow of 1.5 slm without plasma with the glass substrate at 5 mm distance from the nozzle.

Figure 6.1: Time dependent Schlieren images for a helium gas flow (1.50 slm) without plasma. A
glass substrate is positioned at a distance of 5 mm from the nozzle. The red dashed rectangle
indicates the area in which Rayleigh measurements are performed.

On larger time scales (∼200 ms) the flow appears non-steady, which complicates the analysis and
modeling of the jet. From single shot images as shown in figure 6.1, no significant distinction
between a helium gas flow with and without a plasma as well as between the two different
investigated polarities can be made. This is most likely due the raising of the helium gas around
the plasma channel which is highly non-steady and blurs any possible changes obtained in the
gas channel. In situ measurements along the laser beam, such as for Rayleigh scattering allow us
the avoid this is issue.
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6.3 Rayleigh scattering measurements

Because the gas temperature remains in good approximation constant the relative air density can
be calculated by means of Rayleigh scattering according to equation 3.13. For these measurements
data is captured always at the same time delay (t = 100 µs) with respect to the voltage pulse and
plasma ignition. Averages of the recorded images for different time delays (1, 50, 100, 150 and 199
µs after the voltage pulse) yielded the same result, showing that the Rayleigh scattering results are
independent of the delay time between the plasma pulse and the Rayleigh scattering acquisition.
2D-plots of the normalized air density obtained with Rayleigh scattering measurements are
presented for three different cases, no plasma (only helium gas flow), negative and positive plasma
in figure 6.2.

Figure 6.2: 2D contour plot of the normalized air density obtained by Rayleigh scattering for
a) no plasma, b) a negative and c) a positive voltage pulse. The position 0 on the vertical axis
represents the glass substrate. The closest distance measured to the substrate is 0.37 mm and
the center of the plasma tube is at 0 mm on the horizontal axis.

A clear difference between plasma on and off is visible. In the case of a plasma, the helium channel
broadens suggesting enhanced gas velocity and air mixing. This effect is more pronounced in the
case of positive polarity voltage pulses compared to negative polarity pulses.

For a better understanding of the effect of plasma on the gas flow and in particular the differences
between positive and negative polarity, the emission of the two polarities is compared with the air
density. In figure 6.3 the normalized radial plasma emission profile is plotted together with the
normalized air density at z = 2.5 mm for both polarities. As can be seen in figure 6.3, plasma
emission is only present for air concentrations below 4 ± 1 % and the plasma is confined to
the helium gas channel created by the flow with a width of 1.2± 0.2 mm. This is because the
ionization rate for helium is much higher than for air at the same E/N and this is a confirmation
of the well known models of Naidis [42] and Boeuf [90] that have introduced the effect of the gas
channel on the discharge. It can also be seen in figure 4.1, where the plasma plume decreases in
diameter when reaching the substrate, corresponding to a higher air concentration than close to
the nozzle. From this can be concluded that the width of the plasma channel is mostly determined
by the helium gas flow. Remarkably, within the accuracy of the measurements, no differences
in air concentration for positive and negative polarity and the width of the plasma channel can
be observed. This is in contrast with models of Naidis who found very different diameters for
positive and negative streamers in helium jets [33]. The dissimilarity could however be caused by
the substrate present in our experiment which is not present in Naidis’ model of a free helium jet.
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Figure 6.3: Radial distribution at z = 2.5 mm of the normalized plasma emission (solid) and air
density (dashed) for both positive (red) and negative (blue) polarity.

Furthermore, the positive case shows a hollow profile radially whereas the negative case is more
diffuse, consistent with previous observations [33, 68, 69]. This feature is due to the different
streamer propagation mechanisms. In the positive case, electrons diffuse away in the direction
opposite to the steamer propagation. Contrary, in the case of negative polarity the electron drift
causes the streamer growth in the direction of propagation (see section 2.2). The model of Naidis
[33] of a helium jet in surrounding air with the same air distribution for both polarities shows
indeed that negative streamers produce more emission in the core of the plasma plume whereas
the emission for positive polarity mainly originates from the streamer head. A direct comparison
with the model is however not possible as in the presence of a substrate surface charge would
influence the plasma effluent and could enhance the local electric field and have a profound impact
on the emission profile as shown in [91]. It can be observed in figure 4.1 that the plasma spreads
out more on the surface in case of positive polarity.
To obtain an estimation of the enhanced velocity induced by the plasma to achieve the measured
air concentration, we compare different gas flow velocities without plasma. Figure 6.4 shows the
normalized air density distribution at z = 0.4 mm for 5 different flow rates ranging from 0.5− 5.0
slm and we compared these radial profiles with the radial profile for the positive polarity plasma
with a flow rate of 1.5 slm. A rough estimation of the increase in gas flow velocity required to
obtain the same air concentration profile as for the plasma case can be made. Based on the good
correspondence between the radial air concentration profile for the plasma on and the gas flow
only at 2.5 slm (see figure 6.4) this yields an increase of 1.00 slm corresponding to ∆v = 5.3 m/s
at the nozzle, leading to an increase of 66% of the initial gas velocity.
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Figure 6.4: Normalized air density at z = 0.4 mm for 5 different flow rates (0.5− 5.0 slm) without
plasma (solid) together with the plasma on case (dashed) for positive polarity and flow rate of
1.50 slm.

6.4 Effect of plasma on the gas flow

As mentioned above there are two different mechanisms known to be able to induce an increase
in gas velocity: gas heating and momentum transfer through EHD forces. In this section we will
assess the importance of those mechanisms for the investigated conditions in our work. Since
the measured gas temperature is in both the negative and positive case the same, gas heating
is incapable to explain the observed difference between the two polarities. The maximum gas
temperature we have measured is Tgas = 309±4 K accounting for a maximum increase of ∆T = 15
K. Considering continuity of the mass flow rate the temperature ratio is proportional to the
velocity ratio, and the increase in gas velocity by means of gas heating is ∆v = 0.4 m/s, which
is significantly smaller than the estimated required gas velocity (∆v = 5.3 m/s). To acquire a
gas velocity in that range the increased gas temperature must be around T = 490 K which is
much higher than the temperature of our jet and therefore it is unlikely that the observed effect
is primarily due to the gas heating induced by the plasma.
The EHD force, resulting from the momentum transfer from charged particles to neutral molecules
during collisions, is significant only in non-neutral or unipolar regions of the discharge [92]. Several
authors [92, 93] have suggested that the non-neutral region of an ionization front in the jet can
cause an EHD force. However, Park et al. showed that this force is negligible for a free jet for
plasma conditions almost identical to the ones studied here. They showed that EHD forces are
mainly caused by the residual space charges after the plasma streamer propagates and that this
is negligible for pulsed discharges with a pulse width of 1µs (and V = 4.5 kV) since the resulting
electric wind speed is approximately v = 0.1 m/s [86], and is too small to explain the observed
effect.
As we have a voltage pulse even smaller than 1µs, the applied voltage cannot lead to an important
EHD effect due to the space charge formation during the ionization front. However an essential
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difference in our geometry is the presence of a glass substrate and thus surface charges that
can remain up to several seconds after the voltage pulse ended [94] or until the next discharge
event. The higher intensity (as seen in figure 4.1) of the positive discharge and also corresponding
stronger surface discharge indicates a higher surface charge density. Models of surface streamers in
air have also shown that for positive streamers the maximum electron density is higher compared
to negative streamers [95]. As a result the surface charge density of the positive discharge will be
higher than for the negative discharge.
Furthermore, as shown in the model of Norberg et al. [96], at the end of the voltage pulse, positive
space charges will be accumulated in the center of the plasma effluent and negative space charge
is found surrounding the plasma channel. This negative space charge is formed by the loss of
mobile electrons and subsequent attachment to the oxygen molecules in the surrounding gas.
This results in a column of positive space charges on the inside surrounded by negative space
charges as illustrated in figure 6.5.

Figure 6.5: Illustration of the space and surface charges after the a) positive and b) negative
voltage pulse applied to the needle electrode.

In the case of positive voltage pulses applied to the needle electrode the surface of the glass
substrate will become positively charged. After the pulse (t ≥ 500 ns) the needle electrode will
be grounded and due to the surface charge there will be an electric field in upward direction
(figure 6.5a). This causes the negatively charged particles surrounding the recombining of plasma
channel to move downward together with the helium gas flow enhancing the broadening of the
gas flow channel. The opposite effect of positive ions in the discharge will be dominated by the
imposed gas flow. In the case of the negative polarity discharge, surface charges deposited on the
glass substrate are negative and the induced electric field is in the opposite direction (figure 6.5b).
This leads to the movement of negatively charged particles in an upward direction counteracting
the flow of the helium gas. Nonetheless the positive charges in the core are accelerated towards
the substrate, leading to en enhancement of the flow. As the surface charge density is smaller
than for the positive discharge, the resulting effect will be less than in the case of the positive
discharge. The proposed conceptual model can explain the broader helium channel for the positive
discharge and the reduced effect for negative polarity pulses. Detailed simulations are necessary
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to quantitatively validate the explained principle.



Chapter 7

Conclusion

The main purpose of this research was to investigate the surface morphology of a cold atmospheric
pressure helium plasma jet impinging on a glass substrate under conditions suitable for biomedical
treatments. The non-thermal atmospheric pressure plasma jet is generated using a nanosecond
pulsed DC voltage with a helium working gas for both negative and positive voltage pulses. The
energy per pulse for the positive and negative discharge in case of the jet in ambient air (V = ±4.5
kV and a flow rate of 1.5 slm) is E = 55 µJ and E = 30 µJ, respectively, corresponding to a
stronger emission intensity of the positive discharge.

Gas temperature measurements have been performed using optical emission spectroscopy by
analyzing the ro-vibrational transitions of OH(A-X) and N2(C-B) and the resonance broadening
of the helium emission line at 667.8 nm, which demonstrated that the increase in gas temperature
is less than 15 K and can be considered in good approximation at room temperature.

The propagation of the ionization wave of the jet in open air has been investigated by means of
time resolved ICCD images for V = ±4.5 kV and a flow rate of 1.5 slm. It is observed that for a
positive voltage the strongest discharge occurs during the first current peak while for a negative
voltage the strongest discharge occurs during the second current peak, both corresponding to a rise
of the voltage. Once the plasma touches the substrate it spreads out radially as a diffuse discharge
until the transition point from which streamers continue to propagate. This transition point
corresponds to a maximum diameter of the diffuse discharge of (6.8± 0.2) mm and (5.0± 0.3) mm
for a positive and negative discharge respectively. The propagation velocity is (5.1± 0.1) · 104 m/s
for positive and (2.5± 0.1) · 104 m/s for negative discharges. The constant velocity is explained
by the increased electric field at the streamer head for increased air concentrations because of the
smaller streamer radius for higher air concentrations, as one would usually expect a decreased
velocity for higher air concentrations (for the same E/N) due to e.g. attachment. The reason for
the higher velocity of the positive ionization front can be explained by the higher electric field
strengths along the surface due to a larger deposited surface charge of the main discharge, which
was unfortunately not possible to measure. Moreover, since for the negative discharges the second
current peak is considered, comparing results with the positive discharge has to be done with
care as the remaining surface charge effects from the initial discharge can highly influence the
streamer dynamics.

The maximum diameter of the diffuse discharge increases with the flow rate and the voltage.
For lower flow rates the air concentration within a certain volume is higher, leading to reduced
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effective ionization coefficient for a given E/N, and consequently it is more difficult to sustain a
diffuse ionization front. In case of a higher voltage, the electric field is enhanced and the gradient
∂(αeff/N)/∂(E/N) and thus tendency to form streamers is reduced, leading to larger diameters
of the diffuse discharge.

To simplify the situation, filamentation is investigated in controlled helium-air environments.
In the first simplified configuration (pin electrode in a metal chamber), the propagation of the
ionization front is tracked for which is observed that an increased air concentration leads to a
reduction of the velocity, which is explained by the reduction of the effective Townsend coefficient.
Furthermore an increased voltage leads to an increase in the velocity due to the increase of the
space charge and thus the electric field.
Three regions of different air concentrations can be distinguished: Diffuse ionization front (0−12%
air), unstable / transition regime (12 − 18% air), and streamers (> 18% air). Estimations of
the electric field are made and the equivalent of the Meek criterion is calculated. For all three
cases this criterion is satisfied and as a result the ionization is sufficient to have space charge
effects that can lead to streamer formation. The reason however that the streamer formation is
suppressed in the diffuse ionization region is explained by the importance of diffusion compared
to the electron drift. Due to diffusion effects avalanches overlap and smooth out spatial variations
in the electron density and steamer formation is inhibited.

In the second simplified configuration, where the jet is placed in a chamber, similar results
regarding the dependence of the propagation on the concentration are obtained. The transition
to streamers occurs for lower air concentrations (> 1% air) compared to the pin electrode config-
uration (> 18% air). This is because the diffusion of charge on the surface is much less important
compared to diffusion in the gas phase. Therefore the diffusion effect is reduced and the transition
to streamers is enhanced as it is easier to build up gradients in the electric field. Furthermore the
surface inhomogeneities can also lead to non-uniform electric fields.
In the case of the jet in open air, the air concentration is higher which triggers a faster transition
to streamers.

Furthermore the effect of a pulsed plasma in a helium jet on the gas flow impinging on a glass
substrate, is investigated as well. By means of Rayleigh scattering measurements we were able
to visualize the 2D air concentration profiles for the different cases (no plasma, and plasma
generated by means of positive and negative voltage pulses) which showed that in case of a
plasma, the helium channel broadens suggesting enhanced gas velocity and air mixing. This effect
is more pronounced in case of positive polarity compared to negative. Using an estimation of the
enhanced gas flow velocity that can achieve the same radial air concentration profile, it is shown
that gas heating is not the primary mechanism causing this effect as well as the EHD forces
induced by the moving ionization front during the active discharge. However deposited surface
charges which can remain for sufficient time on the glass substrate after the discharge pulse to
generate the required electric field to induced EHD effects on the remaining bulk charge density
in the remaining afterglow. The electric field after the pulse due the surface charges, causes the
negatively charged particles present on the outside of the recombining plasma channel to move in
the same direction as the helium gas flow in case of positive polarity. The opposite is true in case
of negatively polarity where the movement of negatively charged particles counteract the helium
gas flow but the positive ions are in this case accelerated towards the substrate. This dependence
of the flow on the polarity and the smaller surface charge density for the negative compared to
positive discharge can qualitatively explain the observed differences in air concentration for both
polarities.



Chapter 8

Outlook

The morphology of a plasma jet and effects of the plasma on the gas flow remains an interesting
topic. The analysis presented in this work was able to explain many observations however a lot
of other questions have arisen as well of which a few will be presented in this chapter.

• Throughout this work the first current peak was considered for positive and the second
current peak for negative discharges. This makes it difficult to compare the different
polarities because of the effect of surface charge. Due to the low intensity, indicating a weak
discharge for the other current peak under the investigated conditions, and to lack of time
it was not possible to look into this phenomena in greater detail. It would be interesting
to see whether the propagation on the surface is different for the different current peaks
in either polarity. For the investigated conditions (repetition rate, pulse width, voltage),
filamentation was only observed during the current peak corresponding to the rise in voltage,
however it might be different for other conditions.

• Because of intrinsic issues related to resonance with the electric field probe, a lot of esti-
mations of the electric field had to be made leading to significant uncertainties. Since the
observed phenomena strongly depend on the electric field values, the ability to measure
those would lead to a more quantitative description. Other techniques (e.g. electric field
probe with another crystal or a BSO crystal using the Pockels effect) can be used or a
different voltage pulse (e.g. AC source) that does not contain the resonant frequency of the
electric field probe used.

• Another interesting aspect could be to investigate different substrates to assess surface
charging. The power of the plasma jet, the temperature and the propagation dynamics
might be different for more conductive substrates for example.

• In the future this work can for example be extended to a jet impinging on other surfaces
relevant for bio-applications. Keeping in mind the medical application one could think of
gel and liquid to substitute with the glass substrate.
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